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Abstract 
 
    The behaviour of transition metal ions in tetrahedrite and in tennantite have been 
studied by electron paramagnetic resonance and optical absorption spectroscopy in the UV-
Vis and NIR regions. The ground state of Cu(II) ion in both the minerals is confirmed as 2B1g 
.  In both the minerals, two sets of three characteristic bands observed in the optical 
absorption spectra are assigned to the transitions, 2B1g →2A1g, 2B1g →2B2 and 2B1g →2Eg of 
Cu(II) ion in tetragonal field. The presence of Fe(III) bands is an evidence for iron impurity 
in the tetrahedrite  and Mn(II) in tennantite mineral.  The copper content in tetrahedrite and 
tennantite is about 40wt %.  The NIR spectra are due to water present in the samples.   
 
1.1 Introduction  
 
 A number of investigations have been carried out in the study of minerals using 
primarily EPR and optical absorption spectroscopy as tools. Cu(II), Mn(II) and Fe(III) occur 
not only in many major mineral groups but also in herbs, trees and in fossils.  Estimating the 
exact percentage of the impurities or constituent ions in the above compounds is useful to 
grade the minerals for industrial applications, medicinal applications. In the present 
investigation, a systematic study has been made on these minerals. 
 
Electron spin resonance consists in the resonant absorption of quanta from an 
ensemble of uncoupled electronic spins placed in an external magnetic field. The external 
magnetic field raises the degeneracy upon the magnetic quantum number, allowing 
transitions between the Zeeman sub-levels. In EPR spectroscopy detailed nature of the 
ground state comes under consideration since only the spin degeneracy of the lower orbital 
state is more sensitive. Therefore optical absorption spectroscopy supports the EPR analysis 
and further gives information about  the higher energy states. Thus optical absorption data 
supplement and compliment the EPR results [1].  
 
 
1.2 Experimental  
 
EPR spectra of all the samples in powder form were recorded at room temperature 
(RT) on a Varian E-112 EPR spectrometer operating at X - band frequencies (υ = 9.40606 
GHz for tetrahedrite and 9.41158 GHz for tennantite mineral samples) having 100 kHz field 
modulation and phase sensitive detection to obtain first derivative spectra.  The optical 
absorption spectra of tetrahedrite and tennantite samples were recorded at room temperature 
on Carey 5E UV-Vis-NIR spectrophotometer in mull form in the range 200 - 2500 nm.   
 
Theory 
 
ESR spectrum 
   
 The direction of Jahn-Teller distortion, which results in greatest stabilization, can 
often be deduced from EPR and other spectroscopic data [2].  According to Kramer’s 
theorem, if symmetry contains an odd number of electrons, such a field cannot reduce the 
degeneracy of any level below two.  Each pair forms what is known as a Kramer’s doublet, 
which can be separated only by a magnetic field [2].  Mn(II) and Fe(III), with d5 ion 
configuration, exhibit their Kramer’s doublets as |S=5/2> split into |S±5/2>, |S±3/2> and 
|S±1/2> separated by 4D and 2D respectively (D is zero field splitting parameter).  These 
three doublets split into six energy levels by the application of an external magnetic field. 
Assuming that the selection rule |DMs=1| where MS is the quantum magnetic (spin) number 
is obeyed (this is the case for most commercially available spectrometers/cavities), then the 
allowed transitions between these six energy levels will give rise to up to five resonance 
lines. The ESR spectrum of Kramers doublets is complicated if the transition metal ion 
posses a non zero nuclear spins by the so called hyperfine interaction between the uncoupled 
electronic spin and the nuclear spin. For example, in the case of Mn(II) ions, which are 
characterized by a nuclear spin 5/2, the  each of the above mentioned five lines will be split 
into a sextet (2I+1 lines, where I is the nuclear spin).Hence a 30-line pattern is expected.  
However, these 30 lines will appear as a separate bunch of 30 lines or 6 lines (if D = 0) 
depending on the relative magnitudes of D and A (hyperfine coupling constant of 
manganese).  The separation between the extreme set of resonance lines is approximately 
equal to 8D (first order).  However, in a few cases, deviation from axial symmetry leads to a 
term, known as E, in the spin Hamiltonian.  The value of E can be easily calculated from 
single crystal measurements.  A non-zero value for E results in making the spectrum 
unsymmetrical about the central sextet.   
  Generally, in most of the cases, the powder spectrum is characterized by a strong 
sextet at the centre of the spectrum, corresponding to the electron spin transition +1/2> to  -
1/2>.If the central metal ion also possesses a non-zero nuclear spin Is, then hyperfine splitting 
occurs as a result of the interaction between the nuclear magnetic moment and the electronic 
magnetic moment.  The measurement of g value and hyperfine splitting factor (A) provides 
information about the electronic state of the unpaired electrons and also about the nature of 
the bonding between the paramagnetic ion and its surrounded ligands.  If the ligands also 
contain non-zero nuclear spin, then the electron reacts with the magnetic moment of the 
ligands.  Then one could expect super hyperfine EPR spectrum [3]  
 
Optical absorption spectra 
 
The electronic configuration of divalent copper is [Ar] 3d9.  In an octahedral crystal 
field, the corresponding ground state electronic configuration is t2g6eg3 which yields 2Eg term.  
The excited electronic configuration, t2g5eg4 corresponds to 2T2g term.  Thus only one single 
electron transition 2Eg  →  2T2g is expected in an octahedral crystal field.  Normally, the 
ground 2Eg state is split due to Jahn-Teller effect and hence lowering of symmetry is expected 
for Cu(II) ion and this state splits into 2B1g(dx2-y2) and 2A1g(dz2) states in tetragonal symmetry 
and the excited term 2T2g also splits into 2B2g(dxy) and 2Eg(dxz,dyz) levels.  In rhombic field, 
2Eg ground state splits into 2A1g(dx2-y2) and 2A2g(dz2) whereas 2T2g splits into 2B1g(dxy), 
2B2g(dxz) and 2B3g(dyz) states.  Thus three bands are expected for tetragonal (C4v) symmetry 
and four bands are expected for rhombic (D2h) symmetry [4]. The different transitions in the 
tetragonal field are given by the following equations [5]: 
 
 2B1g →2A1g  : 4Ds + 5Dt 
  
                  2B1g →2B2g  : 10Dq 
 
 2B1g →2Eg  : 10Dq + 3Ds -5 Dt 
 
In the above formulae, Dq is crystal field and Ds and Dt are tetragonal field parameters.  
  
 The electronic configuration of Fe(III) is Ar (3d5) with a half filled d-shell having one 
unpaired electron in each of the orbital.  Hence ground state configuration is 32gt 2ge  and has 
only spin forbidden d-d transitions. These occur from the ground state 6A1g(S) to the excited 
states  4T1g(G), 4T2g(G), 4A1g(G) 4E(G), 2T1g(D), 4Eg(D) and 4T1g(P) states in regular octahedral 
sites.  The degeneracy of E and T states being lifted with lower symmetry.  The 4T1g(G) and 
4T1g(P) transitions usually occur at energies around 12500 and 34000 cm-1 [6,7].  Whereas in 
the case of Mn(II) the same  theory  also holds good. 
 
Results and analysis 
 
Tetrahedrite 
  Tetrahedrites are valuable sulphosalt minerals with ideal simplified formula 
−+++ 2
13
3
4
2
2
1
10 SMMM , where M
1+ ions are mainly Cu with some Ag, +22M ions are Cu, Zn, Fe, 
Mn, Cd, Pb, Hg and trivalent ions are Sb, As, Bi.  The M1+ ion occupies tetrahedral hole and 
+2
2M ion occupies octahedral hole. [8,9]. 
 Tennantite [Cu12As4S13] forms a series with much more common mineral tetrahedrite 
[Cu12Sb4S13], (copper antimony sulfide).  The two share the same crystal structure but they 
differ in the percentage of arsenic or antimony. Antimony rich specimens are tetrahedrite 
while arsenic rich specimens are tennantite.  Isomorphic replacement of Cu by Fe, Zn is up to 
approximately 6 wt% and silver is approximately 15 wt% which is very common.  FTIR 
spectra and electron microprobe analysis (EMPA) of tetrahedrite –tennantite samples of 
various origins was reported [ 10,11] and is presented in Table 1 for comparison. 
 
EPR Spectral analysis 
 
 A poly crystalline sample of tetrahedrite originated from Ckausthal/Harz Mountains, 
Germany is made into a fine powder and transferred into a quartz tube for EPR 
measurements.  The EPR spectrum of the sample recorded at room temperature is given in 
Fig. 1. A set of resonance lines around g ≈ 30/7 are seen in the figure which could be 
attributed to the presence of Fe(III) in a strong tetragonal crystal environment [12].  The three 
Kramer’s doublets of d5 ion give rise to a set of g values ranging from 0.6 to 8.0, depending 
upon the relative populations of the doublets 
  
The g values at 4.57, 2.44 and 2.018 shown in the EPR spectrum (Fig.1) can be 
attributed to Fe(III) in the sample.  Though the copper concentration (36.7 wt%) is very high 
in comparison with iron (2.63 wt%), the signal due to Cu(II) is not seen because it is hidden 
under Fe(III) signal and also due to the fact that much of copper is present as Cu(I). 
 
UV-Vis and NIR spectroscopy 
 
The optical absorption is analysed based on EPR spectral results. The bands in the 
Near-IR spectrum are shown in the Fig. 2(b) and the optical absorption spectrum of the 
sample is shown in Fig. 2 (a).  The Near-IR spectral regions are divided into two regions high 
wave number region >8000 cm-1 where bands appear due to electronic transitions and low 
wave number region 7900-5000 cm-1 bands are of vibrational origin. For easy analysis of the 
spectrum the bands are divided into three sets as 8480,10480 and 13020 cm-1 as first set , 
8780, 10750 and 13475 cm-1 as second set and 11980, 16750, 18955 and 22550 cm-1as third 
set.  The spectral features are similar to Cu(II) and Fe(III).   Seven bands in the high-energy 
region of NIR spectrum are due to electronic transitions. Ferrous and ferric ion complexes 
derive strong bands in NIR. The appearance of two broad bands with weak intensity at 9125 
and 9745 cm-1 indicates very low concentration of ferrous iron in the mineral. The average of 
these bands is a known as 10 Dq band for Fe(II) ion and is assigned to 5T2g → 5Eg(D) [13]. 
The sharp band observed at 11980 cm-1 in third set is assigned to the transition 6A1g (S)→ 
4T1g(G) of ferric iron in the minerals whereas the broad and intense band at 16750 cm-1 is 
attributed to the transition 6A1g (S)→ 4T2g(G).  The third at 22550 cm-1 is assigned to 4A1g(G), 
4E(G) transition.  These are characteristic of Fe(III) ion in octahedral symmetry in the 
mineral. Using the Tree’s polarization term α = 90 cm-1 [14], the energy matrices of the d5 
configuration are solved for various B,C and Dq  values.  The evaluated parameters which 
gave good fit are B = 625, C= 2500, Dq = 975 cm-1.  A comparison is also made between the 
calculated and observed energies of the bands and these are presented in Table-2. 
A broad and intense band observed at 8480 cm-1 in the first set and moderate band at  
8780 cm-1 in the second set are assigned to the same transition 2B1→ 2A1.   The band at 10480 
in the first set and intense band at 10750 cm-1 in the second set are also assigned to 2B1→ 2B2.  
The third sharp band at 13020 in the first set and weak band at 13475 cm-1 in the second set 
are attributed to 2B1→ 2E transition.  These two sets of bands are characteristic of Cu(II) ion  
in two different sites in tetragonal distortion in the mineral.  The observed and calculated 
band positions together with their assignments are presented in Table-2 
 
    Vibrational spectrum in the low wave number region 7900-5000 cm-1 [Fig. 2(b)] 
contains many significant absorption features. In minerals water molecules may occur in 
several ways even though they are not constituent of the mineral or may not be present in the 
formula [15].  Three strong bands with components located at ~6700, 5800 and 5200 cm-1 are 
due to molecular water. Water in fluid inclusions in the tetrahedrite probably causes these 
bands [16].  
 
Tennantite Mineral 
 
EPR Spectral analysis 
 
 Tennantite is a copper ore of tetrahedrite group.  Compositional EPR and SQUID 
magnetometry data on the tetrahedrite group of minerals were reported [17].  Ag substitutes 
Cu in the range of 24 - 34 wt%.  No attempt has been made so far with tetrahedrite originated 
from Kipushi, Congo.  Therefore the authors interested to investigate the ionic nature of 
transition metal ions in this family by employing EPR and optical absorption spectral 
techniques.  Tennantite, Cu +10 Cu
+2
2 [AsS3]4S is cubic.  In the crystal structure, the six 
tetrahedrons of Cu+S4 have common apexes and form a sphalerite motif.  Four anions 
[AsS3]4- and an additional sulphur atom surrounded by six Cu2+ ions are inscribed in it. 
[18,19].  Further copper may be replaced by manganese, iron, zinc, lead, silver, mercury and 
rarely by cobalt and nickel  [20]. 
 
 Tennantite mineral originated from Kipushi, Congo is used in the present work. The 
chemical analyses of the sample from different localities indicate no marked variation in 
copper content, which is about 40 % [11]. Though EPMA analysis indicate only two 
transition metal ions Cu and Fe, these have not given rise  any resonance in the EPR 
spectrum, but Mn is present beyond EPMA limits and hence show resonance signals in the 
EPR spectrum. The EPR spectrum of the tennantite mineral sample recorded at room 
temperature (RT) is shown in Fig.3.  The spectrum consists of strong six hyperfine sharp 
lines with almost uniform intensity indicating the presence of Mn(II) in the sample.  Mn(II) 
belongs to S = 5/2 and 55Mn has a nuclear spin of 5/2.  Hence one expect, a sextet, 
corresponding to the transition  +1/2> ↔ -1/2>.  The other four transitions, that is |S±5/2> ↔ 
|S±3/2> and |S±3/2> ↔|S±1/2> are not seen due to large anisotropy.  The observed g and A 
values are 1.997 and 70 G respectively and D = 0.  Since D = 0 the system is perfectly 
octahedral. Using Matumura’s plot [21] and the hyperfine-coupling constant obtained from 
the EPR spectrum the percentage of covalency of Mn-ligand bond has been calculated.  This 
corresponds to an ionicity of 88% (Such a low hyperfine value is very rare for 55Mn nucleus).  
This may be due to the presence of sulphur as bonding ligands.  
  
 The percentage of covalency of Mn-S bond is calculated with their electro negativities 
Xp and Xq [22] ( ) ( )[ ]2035.016.011 qpqp XXXXnC −−−−=  
Here n is the number of ligands around Mn(II) ion.  The percentage of covalency obtained is 
18.75 assuming Xp = XMn = 1.4 and Xq = XS = 2.4.  Again the approximate value of hyperfine 
constant (A) is calculated by using covalency (C) using the equations [22,23]: 
Aiso = (2.04C – 104.5) 10-4 cm-1.   
The value obtained is 66.25 x 10-4 cm-1.  This calculated value agrees well with the observed 
hyperfine constant (70 x 10-4 cm-1) indicating ionic character for Mn-S bond in the complex 
under study.  Further, the g value for the hyperfine splitting was indicative of the nature of 
bonding.  If the g value shows negative shift with respect to free electron g value (2.0023), 
the bonding is ionic and conversely, if the shift is positive then the bonding is more covalent 
in nature [24].  In the present work, from the observed negative (1.997-2.0023 = -0.0006) 
shift in the g value, it had apparent that the Mn(II) is in an ionic environment.  Since the 
copper content is very high it was not given any resonance signal in the EPR spectrum.   
 
UV-Vis and NIR spectroscopy 
 
 Based on EPR spectral results optical absorption spectrum of tennantite is 
analysed.  The Near-IR spectral regions are divided into two regions (a) high wave number 
region >8000 cm-1 where bands appear due to electronic transitions and (b) low wave number 
region 7900-5000 cm-1 where bands are of vibrational origin. The bands in the Near-IR 
spectrum are shown in the Fig. 4(b) and the optical absorption spectrum of the sample is 
shown in Fig. 4(a). For easy analysis of the spectrum the bands are divided into three sets as 
8615,10680 and 12685 cm-1 as first set, 8155, 11975 and 15200 cm-1 as second set and 
16750, 19385 and 22835 cm-1as third set.  The spectral features are similar to Cu(II)  and 
Mn(II).   Five bands in the high-energy region of NIR spectrum are due to electronic 
transitions. A sharp band observed at 8615 cm-1 in the first set and band at 8155 cm-1 in the 
second set are assigned to the same transition 2B1→ 2A1.  The broad band at 10680 in the first 
set and sharp and intense band at 11975 cm-1 in the second set are also assigned to 2B1→ 2B2 .  
The third sharp band at 12685 in the first set and intense band at 15200 cm-1 in the second set 
is attributed to 2B1→ 2E transition.  These two sets of bands are characteristic of Cu(II) ion in 
two different sites in tetragonal distortion in the mineral.  The observed and calculated band 
positions together with their assignments are presented in Table 3 
 
The electronic spectra of manganese complexes exhibit two bands in the range 22500-
23450 and 19100-19600 cm-1 region. .[25]  Accordingly, the two bands observed at 22835 
and 19385 cm-1 in the  third set are assigned to 6A1g (S)→ 4Eg(G) and 6A1g (S)→ 4T2g(G) 
transitions respectively .The third at 16750 cm-1 is assigned to 4T1g(G) transition.  These are 
characteristic of Mn(II) ion in octahedral symmetry in the mineral. Using the Tree’s 
polarization term, α = 90 cm-1 [14], the energy matrices of the d5 configuration are solved for 
various B,C and Dq  values.  The evaluated parameters which gave good fit are B = 680, C= 
2720 and Dq = 680 cm-1.  A comparison is also made between the calculated and observed 
energies of the bands and these are presented in Table-3.  The appearance of two broad bands 
at 9070 and 9740 cm-1 indicates very low concentration of ferrous iron in the mineral. The 
average of these bands is  known as 10 Dq band for Fe(II) ion and is assigned to 5T2g → 
5Eg(D) [13]. 
 
Vibrational spectrum in the low wave number region 7900-5000 cm-1[Fig. 4(b)] 
contains many significant absorption features. Three sharp and strong bands with components 
located at 7940, 6720, 5845 and 5180 cm-1 are due to molecular water. Water in fluid 
inclusions in the tennantite probably causes these bands [16] 
 
Conclusion. 
 
   The optical absorption spectrum of tennantite is due to copper and manganese and that of 
tetrahedrite mineral it is due to copper and iron.  The two metal ions are in distorted 
octahedron environment. Cu(II) in both the minerals is present in two different tetragonal 
environments. The EPR results of tennantite confirm the presence of manganese in octahedral 
symmetry. Also EPR results on tennantite are suggesting that Mn-S bond is more ionic in 
nature.  Further, the EPR results of tetrahedrite indicate the presence of iron   It is also 
confirmed from chemical analysis that copper is a major constituent of the mineral with Fe as 
impurity. Finally optical absorption spectrum of both the minerals are similar in the case of 
copper and will differ in NIR region.  
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Table 1 
Electron microprobe analysis of tetrahedrite –tennantite samples 
Sample 
orgin/ 
Element 
Cu Fe Zn Ag Sb As S Total  Ref. 
1 36.70 1.87 5.52 1.38 27.90 1.96 24.70 100.30 [10] 
2 36.70 2.63 4.64  27.70 2.09 24.90   98.66 [10] 
3 25.40 3.68 3.15 3.87 25.10 3.41 24.70   99.31 [10] 
4 32.20 0.56 2.22  24.80 0.38 21.40 81.56 [10] 
5 41.50 4.14 6.58 0.40 3.69 19.90 27.60 102.81 [10] 
6. 41.60 2.12 7.77 0.40 0.30 20.30 28.10 100.59 [10] 
7 42.05 1.48 6.09 0.04 10.87 12.57 27.12 100.22 [11] 
8 35.72 0.42 6.90 13.65 0.13 17.18 25.04  99.04 [11] 
9 45.39 1.32   28.85  24.48 100.04 [10] 
10 38.95 4.77 2.21 0.02 27.00 1.40 25.66 100.01 [10] 
 
Origin Sample 1.Musen/Sieg 2.Clausthal/Harz Mts. 3. Kamsdorf. 4.Moschel-Landsberg 
5.Clara Mine< Black Forest. 6.  Freeburg/Saxony  (Samples 1- 6 from Germany) 
7.Santiago,Chile. 8. Colorado, USA. 9. France.  10. Spain. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Table 2 
Observed and calculated energies of the bands with their assignments in tetrahedrite 
            For Cu(II)   Site I Ds = 1574,  Dt = 436 and Dq = 1048 cm-1 
                               Site II Ds = 1644,  Dt = 441 and Dq = 1075 cm-1 
For Fe(III)   Dq= 975, B = 625, C = 2500 cm-1 ∝ =90cm-1 
For Cu(II) Site I Site II 
Wave number (cm-1) Wave number (cm-1) Wave 
length 
(nm) Observed Calculated
Wave 
length 
(nm) Observed Calculated 
Transition 
from 
2B1g 
 
1179 
 
954 
 
768 
8480 
 
10480 
 
13020 
8476 
 
10480 
 
13022 
1139 
 
930 
 
742 
8780 
 
10750 
 
13475 
8781 
 
10750 
 
13477 
2A1g 
 
 2B2g 
 
 2Eg 
Wave number (cm-1) Wave length 
(nm) 
For Fe(III) Observed
 Calculated 
Transition 
From 
6A1g 
834 
 
597 
 
528 
 
443 
11980 
 
16750 
 
18955 
 
22550 
              12029 
 
16073 
 
20514 
 
22144 
      4T1g(G) 
 
4T2g(G) 
 
4E(G) 
 
            4T2g( ) 
 
Table 3 
Observed and calculated energies of the bands with their assignments in tennantite 
            For Cu(II)   Site I Ds = 1517,  Dt = 509 and Dq = 1068 cm-1 
                               Site II Ds = 1626,  Dt = 330 and Dq = 1198 cm-1 
For Mn(II)   Dq= 680, B = 680 C = 2720 cm-1∝ =90cm-1 
For Cu(II) Site I Site II Transition 
Wave number (cm-1) Wave number (cm-1) Wave 
length 
(nm) Observed Calculated
Wave 
length 
(nm) Observed Calculated 
from 
2B1g 
 
1161 
 
936 
 
788 
8615 
 
10680 
 
12685 
 8613 
 
10690 
 
12686 
1226 
 
835 
 
658 
8155 
 
11975 
 
15200 
8154 
 
11980 
 
15203 
2A1g 
 
 2B2g 
 
 2Eg 
Wave number (cm-1) Wave length 
(nm) 
For Mn(II) Observed
 Calculated 
Transition 
From 
6A1g 
               597 
 
516 
 
443 
           16750 
 
19385 
 
22835 
              16651 
 
20224 
 
22165 
      4T1g(G) 
 
4T2g(G) 
 
4E(G) 
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  Fig. 1. EPR spectrum of tetrahedtire mineral at room temperature (ν = 9.40606 GHz) 
      
 
Fig. 2(a) Optical absorption spectrum of tetrahedrite at room temperature 
 
 
Fig. 2(b) NIR spectrum of tetrahedrite at room temperature 
